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Abstract 
In this research, OSCs based on a new hole transporting polymer were fabricated. The highest power conversion efficiency of the 
device was received of 6.7% with the optimized molecular weight of the polymer. The charge carrier mobility in the OSCs was 
measured by using photoinduced charge extraction by linearly increasing voltage (PhotoCELIV) and time-of-flight (TOF) 
techniques. It is found that the charge carrier mobility is similar in the devices with both high and low molecular weight polymers. 
Light intensity dependence of the current-voltage characteristics was measured, which indicates strong bimolecular 
recombination in the low molecular weight polymer devices. Furthermore, the series and bulk resistances of the OSCs were 
obtained from the impedance measurement of the device. The high molecular device has a lower bulk resistance which 
corresponds to the weak bimolecular recombination of the device.  
© 2015 The Authors. Published by Elsevier Ltd. 
Selection and/or peer-review under responsibility of the scientific committee of Symposium 2015 ICMAT. 
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1. Introduction 
Harvesting solar energy is one of the most effective ways to tackle the energy shortage in the future. Organic 
photovoltaic (OPV) technology has been considered as a promising candidate of today’s dominant PV technology 
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based on inorganic materials. High material and manufacturing costs are problems for PV technology based on 
inorganic materials and limit its wide acceptance. Compared with inorganic PV materials, organic PV materials are 
much cheaper and can be easily processed. Organic solar cells (OSCs) also have other advantages, such as 
mechanical flexibility and light weight [1-4]. 
 
Thermal annealing and solvent annealing which are the most popular methods used to control morphology 
currently have been shown to tune the morphology of OSCs since 2005 [5, 6]. Poly(3-hexylthiphene) (P3HT) [7]  is 
the most popular donor material and has been thoroughly studied in the last decade. For P3HT and PCBM system, 
thermal annealing method was found to significantly enhance Jsc and FF while Voc slightly reduced upon thermal 
annealing. External quantum efficiency (EQE) of OSC based on P3HT can be increased after thermal annealing. 
This phenomenon is explained by enhancement of charge carrier transport as a result of increased hole mobility [8], 
improved morphology [9], and reduced recombination kinetics [10]. Detailed study of morphology change during 
thermal annealing reveals that fibrillar-like P3HT crystals which facilitate exciton separation and charge carriers 
transporting can be formed in PCBM crystals and amorphous P3HT. Solvent annealing approach, also called slow 
growth, is to store the film which stands in liquid phase in a confined petri dish after spin coating. A study on effects 
of solvent annealing method reveals that the benefits of solvent annealing, including recovering ordered structure, 
are more pronounced when PCBM loadings are higher [11]. Besides, some other approaches are also employed to 
tune the morphology, such as, optimization of weight ratio between polymer and fullerene and the concentration of 
solution, selection and mixture of solvents [12], and use of additives [13]. Molecular weight of polymers can also 
influence the morphology and performance of OSCs [14]. It has been reported that polymers with high molecular 
weight have ability to form smaller donor and acceptor domains because they have low solubility in solvent and will 
form polymer fibrillar networks which define smaller donor and acceptor domains while fullerene is still solubilized 
during the spin casting process. But so far, a comprehensive understanding of the effects of molecular weight on 
solar cells’ performance is still missing.  
 
In this paper, the effects of molecular weight of a new donor material on OSCs’ performance are investigated. In 
this research, the charge carrier transporting properties and recombination mechanisms in OSCs based on polymers 
with different molecular weight are investigated. OSCs based on a new hole transporting polymer were fabricated. 
The highest power conversion efficiency of the device was received of 6.7% with the optimized molecular weight of 
the polymer. The charge carrier mobility in the OSCs was measured by using photoinduced charge extraction by 
linearly increasing voltage (PhotoCELIV) and time-of-flight (TOF) techniques. It is found that the charge carrier 
mobility is similar in the devices with both high and low molecular weight polymers. Light intensity dependence of 
the current-voltage characteristics was measured, which indicates strong monomolecular recombination in the low 
molecular weight polymer devices. The stronger bimolecular recombination in the lower weight polymer based solar 
cell is the main reason to lead to the lower PCE of the device. Furthermore, the series and bulk resistances of the 
OSCs were obtained from the impedance measurement of the device. The high molecular device has a lower bulk 
resistance which corresponds to the weak bimolecular recombination of the device. It is concluded that the different 
performance of the different molecular weight polymer devices can be attributed to the different bimolecular 
recombination of the carriers in the devices. 
2. Experiment 
The OSCs have a structure of ITO/PEDOT:PSS/Polymer:PC71BM/Al. Polymer:PC71BM blend film were 
prepared from dichlorobenzene (DCB). The blend solution was stirred overnight at 45 Ԩ in a glove box before spin 
casting.  
 
ITO substrates were cleaned using soap water and sonicating sequentially with de-ionized water, acetone and 
isopropanol for 15 min each. The ITO substrates were dried at 100 Ԩ in oven for several hours, followed by 
exposure to ultraviolet light and ozone for 15 mins to produce a hydrophilic surface. The cleaned ITO substrates 
were then transferred into a nitrogen-filled glove box. The PEDOT:PSS interlayers were spin-coated on the surface 
of ITO substrate followed by drying of the films at 140 Ԩ for 10 min in ambient environment. Polymer:PC71BM 
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blend film was spin-coated after heating the solution and ITO substrates at 100 Ԩ for 10 min then annealed at 100 
Ԩ for 10 min to form an active layer. Different active layer thicknesses were achieved by varying the solution 
concentration and spin speed. A 100 nm Al layer was deposited by thermal evaporation at a base pressure of 
1.0ൈ10-6 mbar to form the cathode. The device area was defined to be 9.0 mm2.  
 
The thickness of active layer was measured by a KLA Tencor P-16+ Surface Profiler. The absorption spectrum of 
pure polymer and polymer:PC71BM blend films coated on quartz substrates were characterized by a Shimadzu UV-
3101PC UV-VIS-NIR Spectrophotometer. The Nanowizard III instrument (JPK Instruments AG, Berlin, Germany) 
equipped with the NanoWizard head and controller was used in the AFM measurement. The morphology of the 
model surfaces was visualized by tapping mode AFM imaging under ambient conditions using standard silicon 
probes (k ~ 40 N/m, Tap 300AL-G, Budget sensors). All the images were processed using the JPK data processing 
software (Version 4.2). 
 
PhotoCELIV setup is consisted of a pulsed Nd:YAG laser, pulse generator, function generator and a digital 
oscilloscope. The device with active layer which has an optimized thickness of 100 nm was excited by the laser with 
pulse width and pulse energy being about 4 ns and 17 mJ/cm2. The laser wavelength was set at 640 nm and the laser 
pulse excited the device through the ITO side. The excited carriers were extracted by a linearly increasing voltage 
pulse. Offset voltage which approached to Voc was applied to compensate the build-in field. The TOF measurement 
was conducted on thick films with thickness more than 300 nm to ensure all carriers were generated on ITO side. 
The samples for TOF measurement have a simple structure which is ITO/polymer:PC71BM/Al. The parameters of 
laser are the same as that used in photoCELIV measurement. In TOF measurement, the laser intensity needs to be 
adjusted to avoid space charge effects. The details of photoCELIV and TOF setup can be found somewhere else [15, 
16]. 
3. Results and analysis 
Fig. 1 shows the chemical structure of the new polymer and PC71BM and the schematic structure of OSCs. The 
device structure is a normal structure which means that transparent ITO acts as anode. PEDOT:PSS is inserted 
between Polymer:PC71BM blend as HTL. 
 
 
Fig. 1. (a) Chemical structure of materials used in this study. (b) schematic structure of OSCs. 
 
Number-average molecular weight (Mn) is shown in Table 1 which also includes the photovoltaic parameters of 
OSCs based on polymer:PC71BM. Two batches of polymers with different Mn were used to fabricate OSCs. All 
OSCs for polymers in each batch were optimized independently. The optimized weight ratio of polymer (19.0 kDa) 
and PC71BM is 1:1. For polymer with Mn = 49.5 kDa, the optimized weight ratio is 1:1.5. The highest PCE of 
polymer with high Mn is 6.71% which is much higher than that of polymer with low Mn, which is only 4.88%. From 
Table 1, it can be clearly seen that high Mn polymer has better performance because of a higher Jsc, 15.65 mA/cm
2, 
than that of low Mn polymer which is 11.24 mA/cm
2. 
ITO
PEDOT:PSS
Polymer:PC71BM
Al
S
S
S
N N
S
S n
C9H19
C9H19
C9H19
C9H19
O
O
Polymer
PC71BM
(a) (b)
143 Li Xianqiang et al. /  Procedia Engineering  139 ( 2016 )  140 – 146 
Table 1. Photovoltaic parameters of OSCs based on 19.0 kDa and 49.5 kDa polymers. 
Mn (kDa) Weight 
ratio (D/A) 
Jsc(mA/cm2) Voc(V) FF(%) PCE 
(%) 
19.0 
1:0.8 9.29 0.65 48.76 3.00 
1:1 11.24 0.72 60.40 4.87 
1:1.2 12.54 0.67 56.40 4.74 
49.5 
1:1.2 13.63 0.69 61.86 5.86 
1:1.5 15.65 0.70 61.31 6.76 
1:1.8 13.22 0.76 62.68 6.30 
 
As mentioned before, Jsc is can be increased by narrowing bandgap of polymer as a result of absorbing more 
incident photons but in our experiment different Jsc is not due to bandgap because both absorption spectra have 
similar absorption peaks. Besides bandgap, charge carrier mobility can also influence Jsc. Charge carrier mobility 
can be affected by morphology, field, recombination or carrier densities under operation conditions. To get reliable 
results, PhotoCELIV measurement was conducted on the optimized devices to measure charge carrier mobility. The 
charge carrier mobility of low Mn OSCs ranges from ͳǤͻͲ ൈ ͳͲିସଶିଵିଵ  to ͳǤͳͷ ൈ ͳͲିସଶିଵିଵ  as 
electric field decreases. The charge carrier mobility of high Mn OSCs ranges from ʹǤͶͻ ൈ ͳͲିସଶିଵିଵ  to 
ͳǤͳʹ ൈ ͳͲିସଶିଵିଵ . Since the charge carriers in both systems have similar values, the different device 
performance is not caused by other factors rather than charge carrier mobility. 
 
Unbalanced hole and electron transport can lead to accumulation of the slower carriers within the device and the 
photocurrent is space-charge limited then governed by a square-root dependence on bias. To study whether Jsc is 
limited by unbalanced hole and electron transports in low Mn OSCs, TOF technique was used to measure hole and 
electron mobility respectively in both systems. The carrier mobility of high Mn OSCs calculated in TOF 
measurement is slightly lower than that of low Mn OSCs which is different from the result of photoCELIV 
measurement. It might be attributed to morphology change in thick film which is necessary for TOF measurement. 
The absolute values of carrier mobility are not important since we want to investigate whether the hole and electron 
transports are balanced. Hole mobility, Ɋ୦, and electron mobility,Ɋୣ, of low Mn OSC are ͳǤͺͳ ൈ ͳͲିସଶିଵିଵ 
and ͳǤ͵͹ ൈ ͳͲିସଶିଵିଵ when the sqrt of  strength of electrical field is around ͷͲͲଵȀଶȀଵȀଶ . The ratio 
between hole and electron mobilities is Ɋ୦ȀɊୣ ൌ ͳǤ͵ʹ. In high Mn OSC, Ɋ୦ and Ɋୣ are ͳǤͲͻ ൈ ͳͲିସଶିଵିଵ and 
͸Ǥͷʹ ൈ ͳͲିହଶିଵିଵ and Ɋ୦ȀɊୣ ൌ ͳǤ͸͹. In both high and low Mn systems, the hole and electron transports are 
balanced because the ratios between hole and electron mobilities are close to unity so the low Jsc in low Mn OSC is 
not limited by unbalanced hole and electron transport. 
 
From photoCELIV and TOF measurements, it is found that the charge carrier mobility is not influenced by Mn 
and hole and electron transports are well balanced in both high and low Mn systems. In this case, different 
recombination mechanisms might be the reason why low Mn OSCs have poor performance. To study the 
recombination mechanisms, a simple technique of light intensity dependence of J-V characteristics is used. The J-V 
characteristics of OSCs based on different Mn polymers for the illumination intensity ranging from 100 mW/cm
2 to 
0.1 mW/cm2 are shown in Fig. 2 (a) and (c). Total current density (Jtotal) in OSCs can be expressed as a combination 
of dark diode current density (Jdark) and photogenerated current density (Jph). ୡሺǡ ሻ  is the charge collection 
probability [17]. ୡ-V characteristics under different illumination intensity are shown in Fig 2 (b) and (d). From 
saturation point to the maximum power point (MPP), the internal field is strong enough to sweep out carriers to 
144   Li Xianqiang et al. /  Procedia Engineering  139 ( 2016 )  140 – 146 
electrodes. Some authors have reported that monomolecular recombination is the dominant recombination 
mechanism in this range in their systems [18, 19]. Their conclusions are based on the phenomenon that Pc is 
independent of illumination light intensity from saturation point to MPP and Jph, sat is proportional to light intensity. 
Beyond MPP, the internal electric field is compensated by applied bias thus carriers cannot be efficiently swept out 
due to a lack of driving force from internal field. As a result, the recombination mechanism evolves from 
monomolecular recombination to bimolecular recombination. Different from their findings, in our experiment the 
bimolecular recombination dominates from saturation point -0.5 V to 1.0 V in low Mn OSCs as shown in Fig 2 (b) 
because even at small negative revers bias a large spread of Pc curves can be observed. In contrast, only a small 
spread of Pc curves is observed in the high Mn OSC which means bimolecular recombination is more severe in the 
low Mn OSC. Moreover, FF of the high Mn OSC remains unchanged as reducing illumination light intensity while 
FF of the low Mn OSC decreases from about 60% to less than 35% as light intensity decreases from 100 mW/cm
2 to 
0.1 mW/cm2. These results indicate that bimolecular recombination is not the dominant recombination in the high 
Mn OSC while in the low Mn OSC bimolecular recombination has a significant contribution to carriers loss. The 
different recombination mechanism in the OSCs with different Mn might be the reason that high Mn OSCs have 
better performance. 
 
 
Fig. 2. J-V characteristics (a,c) and the charge collection probability (b,d) of OSCs with Mn 19.0 kDa and 49.5 kDa respectively. 
 
To further understand the influence of Mn on device performance, the series and bulk resistance of OSCs were 
measured by impedance analysis under Voc and 1 sun conditions. The Nyquist plots of OSCs using different Mn 
polymers are shown in Fig 3. The high Mn OSC has much lower bulk resistance indicated by the smaller radius of 
Nyquist plot [20]. Series resistance of the devices can be obtained by extrapolating the impedance curves to x-axis at 
low frequency (left). The series resistances of high Mn and low Mn OSCs are ʹǤͳȳଶ and ͳǤͻȳଶ respectively. 
The lower bulk resistance of the high Mn OSC might be a result of weak bimolecular recombination in the active 
layer, but due to the rough surface of active layer the series resistance of the high Mn OSC is higher than that of the 
low Mn OSC. The impedance analysis results are in agreement with the light intensity dependence of Pc-V 
characteristics experiment. 
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Figure 3. Nyquist plots of the impedance  of polymer:PC71BM solar cells based on different Mn polymers. 
 
4. Conclusion 
In summary, two OSCs based on different Mn polymers were fabricated and optimized. The high Mn OSC has 
better performance than the low Mn OSC. The highest PCE is 6.7% and occurs when using high Mn polymer as 
donor. Low Jsc of the low Mn OSC limits its PCE. PhotoCELIV and TOF techniques were used to study the charge 
carrier mobilities in the two OSCs. It is found that in both OSCs the charge carrier mobilities are close and electron 
and hole transports are well balanced. Light intensity dependence of J-V characteristics of the two OSCs shows that 
bimolecular recombination is more severe in the low Mn OSC. The severe bimolecular recombination in the low Mn 
OSC limits its Jsc thus it has poor device performance. From impedance analysis, it is found that the high Mn OSC 
has lower bulk resistance and higher series resistance than the low Mn OSC which are in agreement with the light 
intensity dependence of J-V characteristics. These results indicate that high Mn can improve OSCs’ performance by 
suppressing bimolecular recombination within the active layer. Mn is an important parameter for OSCs and should 
be considered when designing highly efficient OSCs.  
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